New results of the NA61/SHINE Collaboration at the CERN SPS on mean hadron multiplicities in proton-proton (p+p) interactions are analyzed within the transport models and the hadron resonance gas 
I. INTRODUCTION
Studies of properties of the strongly-interacting matter at extreme energies and densities is one of the main goals for high-energy nucleus-nucleus (A+A) collision experiments. The data of the NA49 Collaboration on hadron production in central Pb+Pb collisions [1] [2] [3] at beam energies E lab =20A, 30A, 40A, 80A, and 158A GeV (which corresponds to √ s N N = 6.3, 7. 6, 8.8, 12.3, 17.3 GeV for the center of mass energy of the nucleon pair) show rapid changes of several hadron production properties. Particularly, the sharp maximum of the K + /π + ratio (the horn) at 30A GeV predicted in Ref. [4] was found with approximate constant value of this ratio at collision energies higher than 80A GeV. These data were obtained at the Super Proton Synchrotron (SPS) of the European Organization for Nuclear Research (CERN), and they have been confirmed by the Beam Energy Scan (BES) program [5] at the Relativistic Heavy Ion
Collider (RHIC) at the Brookhaven National Laboratory (BNL).
These results have different interpretations. For instance, the results are consistent with the onset of deconfinement in central Pb+Pb collisions at about 30A GeV [6] , assuming that hadron production is mainly determined by the properties of the early stage of the collision. On the other hand, the strangeness horn is also qualitatively described within the thermal model [7, 8] , especially when some modifications are considered, see e.g. Refs. [9] [10] [11] . Therefore, these data do not allow to make firm conclusions with regard to the onset of deconfinement. The successor of the NA49, the NA61/SHINE Collaboration, is performing the scan of the beam energy and system size at the SPS [12] [13] [14] . Additionally, the BES program at RHIC [5] studies Au+Au collisions in the energy range of √ s NN = 7.7 − 200 GeV. An important aspect of these studies is a comparison of A+A and p+p collisions. Information about the physical properties of the system created in Pb+Pb and p+p collisions is also very useful in a sense that these reactions represents two limiting cases of the system-sizes.
In the present paper we analyze the new p+p data of the NA61/SHINE at p lab = 20, 31, 40, 80, and 158 GeV/c [14] (which corresponds to √ s N N = 6.3, 7.7, 8.8, 12.3, 17.3 GeV). We also repeat the analysis of the NA49 data in central Pb+Pb collisions. This is done because of an extension of the NA49 data on central Pb+Pb collisions [1-3, 15, 16] in comparison to the results used in previous studies, e.g., in Ref. [17] .
We analyze also the recent data from the HADES Collaboration for both p+p collisions at E kin = 3.5 GeV [18] , and Au+Au collisions at E kin = 1.23A GeV [19] . The corresponding center of mass energies are √ s N N = 3.2 GeV for p+p and 2.4 GeV for A+A. For completeness of the analysis we redo the early fits of the Au+Au collisions for E kin = 0.8A, 1.0A GeV at GSI Schwerionensynchroton (SIS), and for the E lab = 11.6A GeV at BNL Alternating Gradient Synchrotron (AGS) [20] [21] [22] [23] [24] . The corresponding center of mass energies are √ s N N = 2.2, 2.3, and 4.9 GeV.
Therefore, the analyzed energy range is √ s N N = 3.2 − 17. [25, 26] , and the Nuclotron-based Ion Collider fAcility (NICA) [27] .
The data on hadron multiplicities are compared with predictions of two popular transport models -Ultra-relativistic Quantum Molecular Dynamics (UrQMD) [28] [29] [30] and Hadron String Dynamics (HSD) [31] [32] [33] . The properties of p+p interactions are the input to these models.
Therefore, we test whether this input obtained from the parametrization of previous p+p results allows to reproduce the new NA61/SHINE data.
We perform the fits of the mean hadron multiplicities within statistical Hadron Resonance Gas Figs. 1 (a) -(e). In addition, the K + / π + ratio is shown in Fig. 1 (f) . From Fig. 1 (a) one con- cludes that both transport models -UrQMD and HSD -underestimate yields of π − at all SPS energies, except the highest one, √ s N N = 17.3 GeV. As seen from Figs. 1 (d) and (e) the UrQMD also underestimates K + and overestimates p . The both models have problems describing the yields of K − shown in Fig. 1 (c) . The π − momentum spectra in p+p reactions within the UrQMD have been analyzed and compared to properly normalized π − spectra in central Pb+Pb collisions in Ref. [34] (see also Ref. [35] , where the mean values of hadron transverse mass have been cal-culated within the UrQMD and HSD models). It should be noted that the p+p results are used as the input for the transport model description of A+A collisions. Therefore, it is evident that improvements of parametrization of p+p results in both the UrQMD and HSD models are really needed.
III. HADRON RESONANCE GAS MODEL

A. The model formulation
Statistical models appear to be rather successful in calculations of mean hadron multiplicities in high energy collisions. This approach assumes a thermodynamical equilibrium of stable hadrons and resonances at the chemical freeze-out state described by thermal parameters to be determined by fitting data. A general description of the HRG model can be found elsewhere, e.g., in the introduction part of Ref. [36] .
In the GCE formulation of the HRG the conserved charges, such as baryonic number B, electric charge Q, and net strangeness S, are conserved on average, but can differ from one microscopic state to another. In the CE formulation these charges are fixed to their exact conserved values in each microscopic state. The distinct difference appears between calculations of hadron multiplicities in different statistical ensembles, if the number of particles with corresponding conserved charge is of the order of unity or smaller [37] [38] [39] [40] [41] [42] . In the considered range of collision energies the CE is relevant for p+p collisions, while GCE can be used for central Pb+Pb and Au+Au collisions, except for the lowest energies at SIS. The exact conservation of net strangeness needs to be enforced there, i.e., the calculations for these low-energy A+A collisions are done within the SCE [7, 8] .
In the GCE the fitting parameters are the temperature T , baryonic chemical potential µ B 1 , the system volume V , and the strangeness under-saturation parameter γ S which is discussed in
Ref. [43] . For the convenient comparison between A+A and p+p we use the radius R calculated from V ≡ 4πR 3 /3 instead of volume. The CE treatment of p+p collisions assumes the fixed values of the conserved charges -baryonic number B = 2, electric charge Q = 2, and net strangeness S = 0. Therefore, in the CE the fitting parameters are T , R, and γ S . In the SCE for SIS we set the strangeness conservation radius equal to the radius of the system. Therefore, the fit parameters in the SCE are the same as in the CE, but only strangeness is conserved exactly. Note that at low collision energies a role of the exact energy conservation becomes quite important. One should 1 The chemical potentials µ S and µ Q correspond to the conservation of strangeness and electric charge, respectively.
They are found from the conditions of zero net strangeness and fixed proton to neutron ratio in the colliding nuclei.
then follow the micro canonical ensemble formulation which has not been used in the present paper.
The HRG model fits are done by minimizing the value
where
and N
HRG i
are the experimental and calculated in the HRG hadron multiplicities, respectively; N dof is the number of degrees of freedom, that is the number of the data points minus the number of fitting parameters; and σ
2 is the sum of the squares of the statistical and systematic experimental errors.
In our calculations we include stable hadrons and resonances that are listed by the Particle Data
Group [44] , and take into account both the quantum statistics, and the Breit-Wigner shape of resonances with finite widths. The list of particles includes mesons up to f 2 (2340), (anti-)baryons up to N (2600), and generally corresponds to the newest THERMUS 3.0 [36] compilation. We do not include hadrons with charm and bottom degrees of freedom which have a negligible effect on the fit results. In contrast to the Refs. [9, 10] we also removed the σ meson (f 0 (500)) and the κ meson (K * 0 (800)) from the particle list because of the reasons explained in Refs. [45] [46] [47] [48] . The mean multiplicity N i of ith particle species is calculated in the HRG model as a sum of the primordial mean multiplicity N prim i and resonance decay contributions as follows
where n i R is the average number of particles of type i resulting from decay of resonance R.
Note that Eq. (2) is also valid for calculating yields of unstable particles, such as the φ meson, K * (892) resonance, or Λ(1520) resonance. This is important since yields of these unstable particles have been measured (see, e.g. Ref. [15, 16, 18, 49] ). Note, however, that the present version of THERMUS does not take into account the resonance decay contribution to mean multiplicities of particles which are marked as unstable. As a result, yields of φ, K * (892), or Λ(1520) can be underestimated by up to 25%. The actual amount depends on the HRG parameters used, and on the modeling of relevant decay branching ratios, which are sometimes poorly constrained.
On the other hand, if, e.g., one marks the φ as a stable particle in THERMUS, then the decay contribution to the φ multiplicity is calculated, but the further decays of φ to kaons or pions are not taken into account in the program, while they are accounted in the experiment. To avoid this problem and to simultaneously fit yields of stable and unstable hadrons in THERMUS one has to use multiple particle sets. Alternatively, one can add an extra loop for the summation of the decay contributions to the yields of unstable particles in the THERMUS code.
We have verified that in this case THERMUS yields essentially the same results for total hadron yields of all particles as our own implementation of the HRG. Thus, we use the latter in all our subsequent analysis. We also enable the calculation of asymmetric error bars for the obtained parameters, which are obtained by explicitly analyzing the χ 2 = χ 2 min + 1 contours.
B. HRG results for central A+A collisions and p+p inelastic reactions
The A+A data at AGS and SPS enegies are fitted within the GCE HRG model. The SCE HRG formulation is employed to describe the old A+A data at SIS (marked as SIS in the figures), and the new data obtained at SIS by HADES (marked as HADES). The p+p data of HADES and NA61/SHINE collaborations are analyzed within the CE HRG. The extracted values of the chemical freeze-out parameters, T and µ B , are plotted in Fig. 2 (a) . The boxes correspond to our fit of the latest compilation of the NA49 data for central Pb+Pb collisions [1-3, 15, 16] . The full right triangles show our fit to the recent Au+Au data from HADES [19] . The open right triangles show the results of the newest analysis of the p+Nb and Ar+KCl reactions performed using THERMUS 3.0 by the HADES collaboration [50] . The Ar+KCl * label corresponds to the fit with the reduced number of fitted yields [50] . The up and down triangles show our fits to the old Au+Au data listed in [21] and in [24] . The Au+Au data at SIS allow to extract temperature The main set of data used in our analysis contains the mean total multiplicities. All the data from the NA61/SHINE, NA49 at SPS, and also the point at AGS energy are the total 4π mean multiplicities, i.e., the hadron yields integrated over the whole rapidity range. The p+p data from HADES are also the mean multiplicities, but extracted from di-electron yields, which may add some unaccounted systematic error to this point. The SIS Au+Au data contains the hadron yield ratios and the average number of participants. The Au+Au data from HADES contains only the ratios at mid-rapidity. The HRG model parameters obtained from different sets of data demonstrate the smooth and consistent behavior. The largest deviation is seen at the √ s N N = 6.3 GeV in p+p reactions from the NA61/SHINE. This can be attributed to the absence of the antiproton data at √ s N N = 6.3 GeV, which are present in the measurements at four higher SPS energies provided by the same collaboration.
The grey band in Fig. 2 (a) is the parametrization from the Ref. [51] ,
where a = 0.166 ± 0.002 GeV, b = 0.139 ± 0.016 GeV −1 , and c = 0.053 ± 0.021 GeV with the parametrization of the µ B ,
where d = 1.308 ± 0.028 GeV, e = 0.273 ± 0.008 GeV In addition, we make the fit of the available p+p data point from the NA49 at the E lab = 158 GeV ( √ s N N = 17.3 GeV) [16, 49] . The NA49 p+p data include more hadron species, therefore, we check how the selection of a different particle set influences the results. We also fit the data from HADES Collaboration [18] , for p+p collisions at E kin = 3.5 GeV ( √ s N N = 3.2 GeV).
The lower solid line in Fig. 2 It is seen from The temperature in p+p is gradually increasing with collision energy from T p+p Ref. [39, 40] . This energy is close to the top SPS energy. The p+p temperature in Ref. [39, 40] is in agreement with our results within the error bars. The e + +e − and p+p temperatures in
Ref. [39, 40] are also close to our results. The p+p temperature for √ s N N = 200 GeV at RHIC was found to be T p+p 170 MeV [55] , which is in agreement with a slow increase and a saturation of the temperature obtained in our fit.
A possible universal mechanism of thermal hadron production in collisions of elementary particles was suggested in Ref. [56] . It connects the temperature to the string tension between quarks, and explains why the temperatures in e + +e − , p+p, and p+p appear to be close to each other.
On the other hand, secondary collisions and medium effects are evidently important in central Pb+Pb (or Au+Au) collisions.
The unexpected finding is a decrease of γ S parameter with collision energy in p+p inelastic reactions in the SPS energy region. Together with the point from HADES one may conclude that γ S increases at small energies and probably has a maximum at the low SPS energy. As seen from results at the top SPS energy agree with those obtained in Ref. [39, 40] . We note that previous studies on hadron production in p+p collisions dealt with higher collision energies than those considered in our paper. There the γ S parameter was generally found to increase with collision energy. Our results at SPS energies are also in a slight contrast with recent paper [57] , where it is implied that γ S universally increases with collision energy. However, the corresponding error bars are still large to make the final conclusions.
As seen from Fig. 2 (d) the system radius in p+p inelastic reactions is approximately independent of the collisions energy, R p+p 1.5 fm. An exception is the lowest energy p+p point from HADES. The volume that was found in the p+p reactions at RHIC gives essentially larger values of the radius, R p+p 3.6 fm [55] . We do not see, however, the increase of R at the SPS energies.
The dependence of the radius on the collision energy is rather different in p+p and A+A collisions at the SPS energies: it grows in central A+A collisions, while in p+p inelastic reactions the radius is approximately constant.
Note that the excluded volume corrections [58] 
IV. SUMMARY
Our analysis of the new data for mean hadron multiplicities demonstrates that both transport models -UrQMD and HSD -should be significantly modified and tuned to the presently available p+p data at SPS energies. This is indeed important as the properties of p+p reactions are used in these transport models as the input for Monte Carlo simulations of A+A collisions.
The CE HRG model leads to the good description of the data on hadron multiplicities in p+p interactions. Our results define the range of the chemical freeze-out parameters -T , γ S , and R -that can be reached in collisions of different size nuclei during the energy and system size scanning at the SPS energy range. In the considered energy range the largest difference T p+p − T A+A ∼ = 60 MeV is at low energies.
The T p+p T A+A at √ s N N = 6.3 − 7.7 GeV, and then the difference grows again reaching about 20 MeV at the highest SPS energy.
At all collision energies the γ S parameter in central Pb+Pb and Au+Au collisions is larger than that in p+p inelastic reactions. It seems that in both cases this parameter has a local maximum at the low SPS energy. The obtained results also indicate that γ S parameter in p+p interactions decreases with collision energy at SPS energies. While the error bars are still too large to make firm conclusions, this is in contrast with the previous studies, which dealt with higher collision energies, and predicted a monotonous increase of the γ S with the collision energy.
The dependence of the system radius on the collision energy is rather different in central Pb+Pb collisions and p+p reactions in the SPS energy region. The radius R A+A increases with collision energy for 40%, while R p+p has approximately constant value. The R A+A dependance found in our analysis is different than in the previous studies 2 , where R A+A was approximately constant at the SPS. The radius, temperature, and the γ S parameters in p+p reactions at such low collision energies are obtained for the first time.
The fit of the mean multiplicities considered in the present paper, both in p+p and A+A reactions, assumes that a system behaves at the chemical freeze-out as the ideal hadron resonance gas. Thus, the effects of the possible deconfinement phase transition may be signaled as some irregular behavior of the obtained parameters and deviations of the data from the HRG model results. We do see an indication of such an irregular behavior for γ S at low energies in A+A collisions and, surprisingly, even stronger in p+p interactions. However, there is no enough data at low energy A+A, while the lowest available p+p point contains a different set of measured particles than for other p+p points. Therefore, the uncertainties in extracted parameters are still too large to make firm conclusions and more data in both A+A and p+p are needed at this energy range in order to clarify this point.
The measurements of total particle multiplicities for a wider set of hadron species are needed.
The minimal set of fitted multiplicities should include particles possessing all three conserved charges -B, S, Q -and the corresponding anti-particles for both p+p and A+A. For example, an appropriate set of hadron species may include π + , π − , K + , K − , p, andp. Therefore, the additional measurements of anti-proton at the lowest SPS and proton mean multiplicities in both p+p and intermediate A+A reactions at all SPS energies are necessary.
